Previous works on real-world vehicle emission characteristics have mainly focused on the influences of fuel, speed, vehicle type, elevation, and other factors on vehicle emission quantity and components. However, few studies have investigated the transient trend of automotive exhaust emissions through on-road measurements. The key objective of the present paper was to examine the transient characteristics of exhaust emissions from different vehicle types on the roads of Tianjin. To achieve the goal, a portable emission measurement system (PEMS) was employed to monitor emissions from selected test vehicles-private cars, passenger vehicles, and cargo vehicles. It was found that the high-emission points of test vehicles were mainly distributed in two regions: the high-speed region (speed > 70-90 km/h, vehicle-specific power (VSP) > 0 kW/t) and the medium-speed-acceleration region (20-30 km/h < speed < 60-90 km/h, 0 kW/t <VSP < 12 kW/t). The CO, hydrocarbon (HC), NOx, and particulate number (PN) average emission rates in the high-emission points could be 3.15-14.93 times, 1.93-24.89 times, 3.23-6.03 times, and 3.22-30.27 times of those of average emission rates. The HC, NOx, and PN average emission rates of China IV vehicles in the high-emission points were 2.46-4.92 times, 3.56-6.03 times, and 3.22-13.21 times of those of average emission rates, not less than those of China III (1.93-2.52 times, 2.75-3.90 times, and 9.98-22.34 times). Test vehicles mainly emitted nucleation-mode and Aitken-mode particles, and the increase of the PN concentration emission rate in low-speed and high-speed regions was higher than that in the medium-speed region. The exhaust gas recirculation (EGR) + diesel particulate filter (DPF) could effectively inhibit the Aitken output caused by turbocharged intercooler (CIC). The selective catalytic reduction (SCR) might cause more nucleation-mode particles.
Introduction
Air quality control at an urban scale is one of the biggest challenges for many countries at present, and one of the primary sources is automotive exhaust emission [1] . In developed countries, such as Europe, with the successful implementation of effluent standard and exhaust after-treatment techniques, the discharge from automobiles has been significantly reduced [2] . However, road transport still contributes about 20% of PM 2.5 and 39% NOx in Europe [1, 3] . In developing countries including China, the road transport is also one of the primary sources of air pollutants in the big cities, due to frequent traffic jams, poor vehicle maintenance, low fuel quality, trickery in production conformity, To avoid the condensation during the process of sampling, there was a heating sampling line between the high-temperature ELPI+ TM and the sample line. The temperature of the heating sampling line was set to 195 °C . The temperature of the high-temperature ELPI+ TM heating unit was set to 180 °C . Keep the pressure under the 1st stage was 40 mbar. Then, zero the instrument and start testing when the temperature of the heating kit reaching 180 °C . Due to the limited interior space, ELPI samples were not installed on gasoline vehicles. 
Test Vehicles
Road emission measurement tests were conducted in 2017 in Tianjin, China. Two gasoline cars (Vehicle brand: DONGFENG-NISSAN), two diesel trucks (Vehicle brand: FAW-JIEFANG), two diesel middle bus (Vehicle brand: JIANGLING), two diesel buses (Vehicle brand: YUTONG) and one liquefied natural gas (LNG) bus (Vehicle brand: FAW-BUS (WUXI)) were selected in the present The ECOSTAR analyzer could collect instantaneous data of gaseous pollutant emissions (CO 2 (carbon dioxide), CO, HC (hydrocarbon), and NOx) at a 1-s resolution. This device measured CO 2
Atmosphere 2020, 11, 64 4 of 39 and CO emissions by the infrared absorption technology, NOx emission by the ultraviolet absorption technology, and HC emission by a flame ionization detector. Also, an ECOSTAR emission flow meter (ECOSTAR_EFM), a temperature and humidity indicator, and a GPS device were connected to the ECOSTAR analyzer to be conjunction with the ECOSTAR analyzer for collecting vehicles exhaust and measurement of speed and emission flow. To ensure the accuracy of test results, the ECOSTAR gaseous analyzer was purged with pure nitrogen for 180 s. It was also calibrated with NO 2 standard gas and mixed standard gases of CO 2 , CO, NO, and dimethyl methane (C 3 H 8 ) before and after each experiment.
The high-temperature ELPI+ TM was used to perform online real-time measurements of particle size-resolved distributions, PN, and quantity concentrations. The high-temperature ELPI+ TM consisted of an ELPI+ TM and a high-temperature ELPI+ TM heating unit. The high-temperature ELPI+ TM heating unit enables sampling of vehicle exhaust (10-180 • C, humidity < 90%) straight to the impactor without using any dilution. It is difficult for conventional particulate monitoring equipment to directly measure vehicle exhaust due to the high temperature and humidity of it. Therefore, EPA provided for the dilution sampling of particulate matter to reduce the temperature and humidity of vehicle exhaust previous, and China accepted this method. In the GB 17691-2018 of China [32] , the vehicle exhaust was first diluted by a full-flow dilution system or partial-flow dilution system. The dilution gas was filtered by high-efficiency particulate filtration (HEPA) or activated carbon. After dilution, the temperature of exhaust gas was controlled at 42-52 • C. The measurement size range was 0.023-10 µm. However, due to the presence of unburned gaseous organic compounds in the vehicle exhaust, new particles may condense and grow to form during the dilution process, which may interfere with the measurement results. High-temperature ELPI+ TM heating unit can avoid the interference to measurement results due to dilution and have improved sensitivity as no dilution systems. Meanwhile, the temperature control function of the high-temperature ELPI+ TM heating unit can reduce the effect of temperature on the calibration of ELPI+ TM (D50% values). The high-temperature ELPI+ TM is insensitivity to variations in sample pressure. The ELPI+ TM measurement is based on the charging of particles and electrical detection of charged particles in a low-pressure impactor. It was capable of measuring emission particles with aerodynamic diameters between 6 nm and 10 µm and classified them into 14 stages according to their sizes through particle charging and inertial classification mechanisms. The 50% of aerodynamic particle diameter (D50%) and the geometric mean aerodynamic diameter (Di) for each stage of ELPI+ TM are presented in Table A1 .
To avoid the condensation during the process of sampling, there was a heating sampling line between the high-temperature ELPI+ TM and the sample line. The temperature of the heating sampling line was set to 195 • C. The temperature of the high-temperature ELPI+ TM heating unit was set to 180 • C. Keep the pressure under the 1st stage was 40 mbar. Then, zero the instrument and start testing when the temperature of the heating kit reaching 180 • C. Due to the limited interior space, ELPI samples were not installed on gasoline vehicles.
Road emission measurement tests were conducted in 2017 in Tianjin, China. Two gasoline cars (Vehicle brand: DONGFENG-NISSAN), two diesel trucks (Vehicle brand: FAW-JIEFANG), two diesel middle bus (Vehicle brand: JIANGLING), two diesel buses (Vehicle brand: YUTONG) and one liquefied natural gas (LNG) bus (Vehicle brand: FAW-BUS (WUXI)) were selected in the present study. The engine type of LNG bus was CA6SM2-35E4N (NG), a stoichiometric spark-ignition engine. Its engine capacity and maximum power were 11.04 L and 261 kw. The stoichiometric air-fuel ratio (mass ratio) was 17.2 at 1000-rpm full-load condition. The specifications of these test vehicles are depicted in Table 1 . The fuel composition are depicted in Table A2 . After-treatment: MPI: Multipoint efi; TWC: three-way catalytic converter; CIC: turbocharged intercooler; ECR: electronic controlled common rail; HPCR: high-pressure common rail; CRDI: electrically controlled direct injection common rail; CRT: EGR (exhaust gas recirculation) + DPF (diesel particulate filter); SCR: selective catalytic reduction, in this paper represented by DOC (Diesel catalytic oxidation) + SCR.
Testing Route
Driving courses for on-board measurements were designed to simulate real traffic conditions in Tianjin. The test routes of medium buses and cars were mainly located in the central urban area. Trucks were tested in suburban areas between Jinnan and Dongli Districts, whereas buses ran on urban areas and suburban areas around Jinnan District and primary urban areas. The total distance of the urban area route was approximately 38-49 km, the length of the suburban areas between Jinnan and Dongli Districts was 42-66 km and the length of the suburban areas around Jinnan District and central urban areas was 26-47 km. Trucks were mainly tested in suburban areas as they were not permitted to enter the central city of Tianjin. Drivers followed other vehicles on driving routes, and the driving cycle reflected actual driving conditions. Due to speed-limited sections and traffic jams, the average speed of test vehicles was below 40 km/h. The time duration for one test route was between 3000 s and 6000 s, and the length proportions of urban areas, suburbs, and expressways were approximately 20%, 70%, and 10%, respectively. Moreover, operating conditions, including rapid acceleration and fast braking, reflected real-road traffic conditions (crowded and chaotic) in Tianjin. Test routes consisted of elevated roads, highways, arterial roads, and residential roads. Driving condition parameters for each test vehicle are presented in Table A3 .
Data Processing
A PEMS measured the emission rates (g/s) of gaseous contaminants (CO 2 , CO, HC, NOx, PN, and PM 2.5 ). Subsequently, pollutant concentrations, exhaust mass flow rates, and GPS data were synchronized to emission rates and speeds.
As a function of vehicle speed, acceleration/deceleration, and road slope, VSP (unit: kW/ton) is a practical measure of real-world driving emissions [33] and accounts for changes in kinetic and potential energies associated with hill climbing, rolling resistance, and aerodynamic drag. The mathematical expression of VSP is presented in Equation (1) [34] .
where Fa, Fω, Fr, and Fs are the resistances induced by vehicle acceleration, wind, rolling, and road slope, respectively, v is vehicle speed (units: km/h in Equation (1) and m/s in Equations (2) and (3)), a is acceleration or deceleration (m/s 2 ), m is the actual mass of the vehicle (kg), ε is the moment of inertia of rotational parts, such as bent axle and flywheels, ρ air is the density of air (kg/m 3 ), Cd is the wind resistance coefficient, A is the frontal area of the vehicle (m 2 ), f is the rolling resistance coefficient, g is gravitational acceleration (m/s 2 ), and θ is the angle of the gradient.
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The VSP for light-duty vehicles, such as LDGCs, can be calculated by Equation (2) [35] . In the MOVES model developed by USEPA, the VSP for medium-and heavy-duty diesel vehicles is calculated by Equation (3). VSP = v (1.1a + 9.81tanθ + 0.132) + 0.000302v 3 (2)
Depending on the vehicle state (deceleration, acceleration, idling, and cruising), the speed (low-speed, medium-speed, and high-speed segments), and the range of VSP, 68 operation mode bins were constructed, and the developed bins are presented in Table A4 . The mean emission rate of gaseous pollutants and particulate matters for every operation mode bin was first calculated, and the summation of the obtained average values was then executed according to the probability value of each operation mode bin. The average emission factor was calculated by the average value of the emission rate and speed. The mean emission factor and rate for gaseous pollutants and particulate matters for each test vehicle were estimated by Equations (4) and (5) , respectively [36] .
where EF i,j is the average emission factor of pollutant j for test vehicle i (g/km), v i is the average speed of test vehicle i during the driving cycle (km/h), ER i,j is the average emission rate of pollutant j for test vehicle i (g/s), T k is the number of second-by-second data points for each vehicle in operating mode bin k (s), T n is the number of second-by-second data points for each vehicle in the entire driving cycle (s), and ER i,j,k is the instantaneous emission rate of pollutant j for test vehicle i in operation mode bin k (g/s). Surfer 8.0 software (Golden Software, Golden, CO, USA) was used to establish the grid file with pollutant emission rates at the Z-axis, speed at the X-axis, and VSP at the Y-axis based on the kriging method. The grid file of Surfer 8.0 software (Golden Software, the United States) provided the data that displayed the relationship between pollutant emission rates and speed-VSP of each test vehicle. The pollutant emission rate for each grid node was calculated based on all test data of the test vehicle adjacent to the node. Figure A1 (Appendix A) present the emission rates of CO, HC, NOx, and PN for each test vehicle according to the operation mode bins in Table A4 . The average CO, HC, NOx, PN, and PM 2.5 emission factors and their 95% confidence intervals are presented in Table 2 . Due to abnormal measurement data, the PN and PM 2.5 emission factors of No. 3 (diesel truck, China III) are not applicable.
Results and Discussion

On-Road Driving-Based Emission Factors
As presented in Table 2 . Therefore, the emission factors were influenced significantly by the mileage traveled factor of the test vehicles because older or higher-mileage vehicles present significant deterioration in their engine performance, vehicle parts, or catalytic efficiency, which has been associated with higher emissions [37, 38] . 3 with the catalyst material and the exhaust gas in SCR [39] . As a result, SCR could lead to the emission of nanoparticles in high numbers, and it would not be possible to control the discharge of these ultrafine particles using the currently available after-treatment system [39] .
Moreover, the emission factors were also observed to have been significantly affected by the type of fuel used in the test vehicles. The primary pollutant of the gasoline vehicles was CO, while the primary pollutants for diesel vehicles were NOx and particulate matter. CO is a typical pollutant of gasoline vehicles, while high emission of NOx and particulate matter could be considered to represent the emission characteristics of diesel engine [40] . The primary pollutants of the LNG bus were NOx and HC. LNG buses had significantly higher HC emissions because it is difficult for LNG pressed into the crevice during the compression stroke to burn due to the high auto-ignition temperature of methane [41] . It resulted in a large amount of unburned methane in the crack of the combustion chamber. Therefore, vast quantities of unburned methane were released from the combustor crevices [36] . LNG buses had significantly higher NOx emissions because the two major factors for NO production were combustion temperature and oxygen content, and the engine of LNG buses had higher combustion temperature and oxygen content than those of diesel buses [36, 42, 43] . Among the diesel vehicles, diesel buses, whose engine power was 1.5-2 times that of diesel trucks and diesel middle bus, presented the highest gaseous pollutant emission factors. Despite having the same emission standards, the CO, HC, and NOx emission factors of diesel buses were approximately 3.3-7.5 times, 1.03-1.83 times, and 1.8-3.2 times, respectively, of those of diesel trucks and diesel middle bus. It was demonstrating consistency with the findings of a previous study [16] . No. 5 (diesel middle bus, China III) presented the highest PN emission factors, while No. 4 (diesel middle bus, China III) registered the highest PM 2.5 emission factors. Different after-treatment systems, vehicle maintenance, or driving conditions might have caused the PN and PM 2.5 emission factor of No. 4 (diesel truck, China IV) and No. 5 (diesel middle bus, China III) to be larger than those of the other vehicles. The other deviations might have risen from fuel quality, dilution method, accuracy of the PEMS, engine type, after-treatment system, and the driving behavior. Table 2 presents the data of average emission factors for different vehicle types from previous literature. It is noticeable that the obtained values in the present paper are very close to the available literature data. Hence, it indicates that the measurement data in the present study are true and effective. For gasoline test vehicles, the calculated average emission factors (CO = 0.39-0.68 g/km, HC = 0.014-0.016 g/km, NOx = 0.01-0.04 g/km) in this study are close to the previous studies in Table 2 (CO = 0.81 ± 0.35 g/km, HC = 0.046 ± 0.30 g/km, NOx = 0.05 ± 0.02 g/km). For diesel test vehicles, the calculated average emission factors (CO = 0.46-5.45 g/km, HC = 0.038-0.225 g/km, NOx = 2.54-10.90 g/km, PM 2.5 = 0.03-1.52 g/km) in this study are also very close to the previous studies in Table 2 (CO = 3.35 ± 1.38 g/km, HC = 0.189 ± 0.110 g/km, NOx = 9.65 ± 2.62 g/km, PM 2.5 = 0.83 ± 0.65 g/km). However, LNG test vehicles in this study had more HC and NOx emissions, and fewer CO and PM 2.5 emissions than those in previous studies. It can be attributed to different factors including sampling equipment (SEMTECH-DS used by Zhang et al. and Aijuan et al. [36, 49] ), fuel type (compressed natural gas bus tested by Aijuan et al. [49] ), emission standards, mileage traveled, after-treatment device (SCR used by Zhang et al. [36] , and oxidation catalyst (Aijuan et al. [49] )). Figure A1 (Appendix A) presents the complicated relationship between the pollutant (CO, HC, NOx, and PN) emission rates and the speed-VSP for each test vehicle. To describe the transient emission characteristics, temporary test data of pollutant emission rates, speed, and VSP from each test vehicle were collected. The speed and VSP from each test vehicle all changed over time in the real world. Surfer 8.0 software (Golden Software, Golden, CO, USA) was used to obtain the image maps that displayed the relationship between pollutant emission rates and speed-VSP of each test vehicle.
Transient Characterization of Pollutant Emission Rates
The Distribution of High-Emission Points
Figures 2-5 depict the image maps displaying the relationship between the pollutant (CO, HC, NOx, and PN) emission rates and the speed-VSP for each test vehicle. Owing to the abnormal measurement data, the PN image maps of No. 3 (Truck, China III) have not been presented. The emission rates in the image maps have been indicated by using different colors. The black area indicates that the emission rates were close to zero, the brown area indicates that the emission rates were equal to half of the average emission rate (ER i,j in Equation (4)) of the test vehicles, the blue area indicates that the emission rates were equal to the average emission rate of the test vehicles, and the cyan, green, yellow, orange, red, and ruby red areas indicate that the emission rates were approximately 1.5, 2, 2.5, 3, 3.5, and over 4 times the average emission rate, respectively.
Figures 2-5 depict the relationship between speed-VSP and CO, HC, NOx, and PN emission rates. It demonstrated that the emission rates of the test vehicles did not increase or decrease monotonously with their speed and VSP. In other words, the emission rates of the test vehicle reached its peak in certain discontinuous speed-VSP intervals, and the emission rates here could be higher than those in the surrounding speed-VSP intervals, even being 2-4 times higher than the average emission rate. These intervals were known as the high-emission regions.
To further study the distribution characteristics of high-emission regions, we selected the 100 high-emission points from the high-emission regions, according to the data provided by the grid file of each pollutant for each test vehicle. The emission rates of the 100 high-emission points were the highest in the grid file of each pollutant for each test vehicle. Figure 6 illustrates the distribution of these 100 high-emission points in the speed-VSP interval.
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Atmosphere 2020, 11, x FOR PEER REVIEW 11 of 40 Figure 3 . The image maps of the relationship between speed-VSP and HC emission rates. HC emission rates are represented by the colors. The black, brown, blue, cyan, green, yellow, orange, red, and ruby red areas indicate that the emission rates are approximately 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, and over 4 times the average emission rate, respectively. Speed is at the X-axis, and VSP is at the Y-axis. The image maps of the relationship between speed-VSP and HC emission rates. HC emission rates are represented by the colors. The black, brown, blue, cyan, green, yellow, orange, red, and ruby red areas indicate that the emission rates are approximately 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, and over 4 times the average emission rate, respectively. Speed is at the X-axis, and VSP is at the Y-axis. . The image maps of the relationship between speed-VSP and NOx emission rates. NOx emission rates are represented by the colors. The black, brown, blue, cyan, green, yellow, orange, red, and ruby red areas indicate that the emission rates are approximately 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, and over 4 times the average emission rate, respectively. Speed is at the X-axis, and VSP is at the Y-axis. In the case of gasoline vehicles, their high-emission points of CO, HC, and NOx were mainly in the region where the speed was greater than 70 km/h and VSP was below 0 kW/t. In the case of diesel vehicles, their high-emission points of CO, HC and PN were mainly in the region where the speed range was 20-80 km/h and VSP range was 0-12 kW/t. Some CO high-emission points of diesel vehicles were distributed in the region where the speed range was 0-20 km/h and VSP was below −7 kW/t. Their high-emission points of NOx were mainly in two regions. The first one was mainly in the region where speed was greater than 90 km/h, and the VSP range was 0-18 kW/t. The second one was mainly in the region where the speed range was 60-80 km/h and VSP range was 0-12 kW/t. In the case of LNG vehicle, their high-emission points of CO and PN were mainly in the region where the speed was greater than 80 km/h and the VSP range was above 0 kW/t. Their high-emission points of HC were mainly in the region where the speed range was 20-60 km/h and VSP range was 0-9 kW/t. Their high-emission points of NOx were mainly in two regions. The first one was mainly in the region where speed was greater than 90 km/h, and the VSP range was 9-15 kW/t. The second one was mainly in the region where the speed range was 60-80 km/h and VSP range was 0-9 kW/t. the case of LNG vehicle, their high-emission points of CO and PN were mainly in the region where the speed was greater than 80 km/h and the VSP range was above 0 kW/t. Their high-emission points of HC were mainly in the region where the speed range was 20-60 km/h and VSP range was 0-9 kW/t. Their high-emission points of NOx were mainly in two regions. The first one was mainly in the region where speed was greater than 90 km/h, and the VSP range was 9-15 kW/t. The second one was mainly in the region where the speed range was 60-80 km/h and VSP range was 0-9 kW/t. As stated earlier, the image maps depicted that the test vehicles could achieve the peak of CO, HC, NOx, and PN emission rates in certain high-emission regions. This was consistent with the results of the studies conducted by Chong et al. [50] . They evaluated the relationship between emission and the vehicle speed and acceleration rates of gaseous emissions, and the diagram obtained demonstrated similar discontinuous speed-acceleration intervals in which the gaseous pollutant emission rates were higher than those in the surrounding areas. In regards to their distributions as depicted in Figure 6 , the high-emission points of test vehicles were mainly distributed mainly in two regions: the high-speed region (speed > 70-90 km/h, VSP > 0 kW/t), the medium speed-acceleration region (20-30 km/h < speed < 60-90 km/h, 0 kW/t < VSP < 12 kW/t). However, some CO high-emission points of diesel vehicles were distributed in the low-speed region (0 km/h < speed < 20 km/h, VSP < −6 kW/t), and the high-emission points of gasoline were mainly in the high-speed-deceleration region (speed > 70 km/h, VSP < 0 kW/t).
In the case of gasoline vehicles, their CO, HC, and NOx high-emission points were mainly distributed in the high-speed region. Owing to the high load of the gasoline engines at high speed, the engine temperature increases, and the air-fuel ratio decreases. The fuel-rich operation results in oxygen starvation and incomplete combustion, which is the main reason for a significant increase in the CO and HC emissions. According to the extended Zeldovich mechanism, three NOx formation paths exist, namely thermal NO, amidogen (NNH), and N2O routes [51] . Although the reaction of thermal NO is blocked at low oxygen levels, the chemical reactivity of NO obtained from NNH and N2O might increase at higher temperatures. Furthermore, the presence of HC and CO in the highspeed (>80 km/h) interval could inhibit the oxidation of NO [52] . Their high-emission points of CO, HC and NOx were mainly in the region where the VSP was below 0 kW/t. Because the fuel injection of engine is cut off under the sharp deceleration conditions. Thus, the excess air coefficient of engine increases and the indicated mean effective pressure of engine decreases [53] rapidly. Under the condition of very low indicated mean effective pressure of the engine, the in-cylinder burning temperature is very low [53] . This led to a sharp increase in CO and HC emission. The reason for the rise of NOx is not clear, but it may be that the increase of excess air coefficient leads to the production of thermal NO before the cylinder temperature drops. As stated earlier, the image maps depicted that the test vehicles could achieve the peak of CO, HC, NOx, and PN emission rates in certain high-emission regions. This was consistent with the results of the studies conducted by Chong et al. [50] . They evaluated the relationship between emission and the vehicle speed and acceleration rates of gaseous emissions, and the diagram obtained demonstrated similar discontinuous speed-acceleration intervals in which the gaseous pollutant emission rates were higher than those in the surrounding areas. In regards to their distributions as depicted in Figure 6 , the high-emission points of test vehicles were mainly distributed mainly in two regions: the high-speed region (speed > 70-90 km/h, VSP > 0 kW/t), the medium speed-acceleration region (20-30 km/h < speed < 60-90 km/h, 0 kW/t < VSP < 12 kW/t). However, some CO high-emission points of diesel vehicles were distributed in the low-speed region (0 km/h < speed < 20 km/h, VSP < −6 kW/t), and the high-emission points of gasoline were mainly in the high-speed-deceleration region (speed > 70 km/h, VSP < 0 kW/t).
In the case of gasoline vehicles, their CO, HC, and NOx high-emission points were mainly distributed in the high-speed region. Owing to the high load of the gasoline engines at high speed, the engine temperature increases, and the air-fuel ratio decreases. The fuel-rich operation results in oxygen starvation and incomplete combustion, which is the main reason for a significant increase in the CO and HC emissions. According to the extended Zeldovich mechanism, three NOx formation paths exist, namely thermal NO, amidogen (NNH), and N 2 O routes [51] . Although the reaction of thermal NO is blocked at low oxygen levels, the chemical reactivity of NO obtained from NNH and N 2 O might increase at higher temperatures. Furthermore, the presence of HC and CO in the high-speed (>80 km/h) interval could inhibit the oxidation of NO [52] . Their high-emission points of CO, HC and NOx were mainly in the region where the VSP was below 0 kW/t. Because the fuel injection of engine is cut off under the sharp deceleration conditions. Thus, the excess air coefficient of engine increases and the indicated mean effective pressure of engine decreases [53] rapidly. Under the condition of very low indicated mean effective pressure of the engine, the in-cylinder burning temperature is very low [53] . This led to a sharp increase in CO and HC emission. The reason for the rise of NOx is not clear, but it may be that the increase of excess air coefficient leads to the production of thermal NO before the cylinder temperature drops.
The diesel test vehicles had a different distribution of the high-emission points compared to the gasoline test vehicles. Their high-emission points of CO, HC, NOx and PN all were distributed in the medium-speed region (20-30 km/h < speed < 70-90 km/h, 0 kW/t < VSP < 12 kW/t). Because the diesel engine changes its load by adjusting the amount of the fuel injection, while the amount of intake air is basically maintained constant. Therefore, the concentration of the fuel in the mixture increases with the increase in the engine load. A sudden acceleration of the engines at medium speed would cause more amount of diesel to be injected into the engines, thereby increasing the concentration of the air-fuel mixture [54] . In comparison to the gasoline engines, diesel engines operate by injecting diesel into compressed air with a higher compression ratio and temperature, mixing rapidly, and igniting spontaneously. As a result, the diesel engine has a higher air-fuel ratio and temperature of combustion chamber and richer or leaner combustion regions than those of the gasoline engines. The air-fuel ratio of engines decreased at the beginning of the acceleration process. The richer combustion regions of engines are expanded and facilitate the production of unburnt CO, HC, and PN [50] . Subsequently, the increase in the engine speed results in high peak flame temperatures in the O 2 -rich regions [55] , in the latter part of the acceleration process. The leaner combustion regions of engines are expanded and lead to an increase in the thermal NO emissions [56] . Some CO high-emission points of diesel vehicles were distributed in the region where the speed range was 0-20 km/h and VSP was below −7 kW/t. Because the temperature of the combustion chambers was less than that in the medium/high-speed regions, and the fuel was not supplied to the engine during deceleration, during which the air-fuel ratio increases significantly [54] . The lean concentration of the fuel in the mixture and the cooling of the engine lead to further incomplete combustion of CO [50, 57, 58] . Some high-emission points of NOx were distributed in the high-speed region (speed > 90 km/h, 0 kW/t < VSP < 18 kW/t). Because the increase in the diesel engine load led to the higher temperature of the combustion chamber compared to those in the medium speed regions, in the high-speed region. The increase in the combustion chamber temperature also increased the emission rate of NO [55] .
The engine of the LNG bus applied a similar combustion method and higher thermal efficiency as compared to those of the diesel engine. Therefore, the distribution of high-emission points for the LNG bus was similar to those of diesel engine test vehicles. Its high-emission points of CO, NOx and PN were mainly in the high-speed region (speed > 80 km/h, 0 kW/t < VSP < 15 kW/t). Because the temperature of combustion chambers and the concentration of the air-fuel mixture were higher as compared to the other speed regions. As a result, there could exist an amount of CO, NOx, and PN. Some high-emission points of HC were distributed in the medium speed-acceleration region (20 km/h < speed < 60 km/h, 0 kW/t < VSP < 9 kW/t). The emissions of unburned methane were considered to be the source of HC [36] . Because the concentration of the LNG in the mixture increases with the increase in the engine load, and it is difficult for methane pressed into the crevice during compression stroke to burn due to the high auto-ignition temperature of methane [41] . At high speeds, the high emissions points of HC begin to decrease due to the higher combustion temperature. Some high-emission points of NOx were distributed in the high-speed region (speed > 90 km/h, 9 kW/t < VSP < 15 kW/t), because of the higher combustion temperature in the high-emission region.
The Relationship between the Average Emission Rates and the Average Emission Rates of High-Emission Points
The comparison of the average emission rates and the average emission rates of high-emission points per test vehicles is shown in Figure 7 .
In In comparison, we found that the emission rates of test vehicles in high-emission points were significantly higher than their average emission rates. The CO, HC, NOx, and PN average emission rates in the high-emission points could be 3.15-14.93 times, 1.93-24.89 times, 3.23-6.03 times and 3.22-30.27 times of those of average emission rates. In addition, the test vehicles with the highest multiple were as follows. The CO average emission rate of No. 7 (diesel bus, China III) in the high-emission points could be 14.94 times of that of the average emission rate. The HC average emission rate of No. 1 (gasoline car, China IV) in the high-emission points could be 24.89 times of that of the average emission rate. The NOx average emission rate of No. 8 (diesel bus, China IV) in the high-emission points was 6.03 times of that of the average emission rate. The PN average emission rate of No. 9 (LNG bus, China IV) in the high-emission points was 30.27 times of that of the average emission rate. The fuel, mileage traveled vehicle type and emission standard significantly influenced the relationship between the average emission rates and the average emission rates of high-emission points.
Atmosphere 2020, 11 In comparison, we found that the emission rates of test vehicles in high-emission points were significantly higher than their average emission rates. The CO, HC, NOx, and PN average emission rates in the high-emission points could be 3.15-14.93 times, 1.93-24.89 times, 3.23-6.03 times and 3.22-30.27 times of those of average emission rates. In addition, the test vehicles with the highest multiple were as follows. The CO average emission rate of No. 7 (diesel bus, China III) in the high- At first, mileage traveled demonstrated a significant influence. As shown in Table 1 , the mileage traveled by No. 1 (gasoline car, China IV) is approximately 2.8 times that of No. 2 (gasoline car, China IV). The CO, HC, and NOx average emission rates of No. 1 (gasoline car, China IV) were 0.0026 g/s, -0.000008 g/s, and 0.0031 more than those of No. 2 (gasoline car, China IV). By contrast, the CO, HC, and NOx average emission rates of No. 1 (gasoline car, China IV) in the high-emission points were 0.016 g/s, 0.003 g/s and 0.001 g/s more than those of No. 2 (gasoline car, China IV). Therefore, the vehicles with higher mileage had higher emission rates in high-emission points and the increase of average emission rates in the high-emission points was more than 4 times of that of average emission rates. Moreover, the increase of HC average emission rates in the high-emission points was the most significant.
The fuel of test vehicles was a significant influence, too. The CO average emission rates of diesel vehicles in the high-emission points were 3.02-14.94 times of those of average emission rates, higher than those of gasoline vehicles (3.16-4.35 times) and LNG vehicle (3.91 times). The HC average emission rates of gasoline vehicles in the high-emission points were 3.69-24.89 times of those of average emission rates, higher than those of diesel vehicles (1.93-4.92 times) and LNG vehicle (3.78 times). The NOx average emission rates of gasoline, diesel, and LNG vehicles in the high-emission points were 4.20-4.34 times, 2.75-6.03 times and 4.50 times of those of average emission rates. They were relatively close. The PN average emission rates of LNG vehicle in the high-emission points was 30.27 times of those of average emission rates, higher than those of diesel vehicles (3.22-22.35 times). Therefore, the improvement of emission standards did not significantly reduce the emissions at high-emission points.
Finally, the emission standard and vehicle type also influenced the relationship between the average emission rates and the average emission rates of high-emission points. The CO average emission rates of China III diesel vehicles in the high-emission points were 3.27-14.94 times of those of average emission rates, higher than those of China IV diesel vehicles (3.02-13.60 times). However, their HC and NOx average emission rates in the high-emission points were 1.93-2.52 times and 2.75-3.90 times of those of average emission rates, less than those of China IV diesel vehicles (2.46-4.92 times and 3.56-6.03 times). The PN average emission rates of No.6 (diesel middle bus, China IV) in the high-emission points were 3.22 times of those of average emission rates, less than those of No.5 (diesel middle bus, China III) (22.34 times). On the contrary, the PN average emission rates of No.8 (diesel bus, China IV) in the high-emission points were 13.21 times of those of average emission rates, more than those of No.7 (diesel bus, China III) (9.98 times). The CO and HC average emission rates in the high-emission points of No.4 (diesel truck, China IV) and No.6 (diesel middle bus, China IV) was 52.06-74.02% and 68.30-71.22% less than that of No.3 (diesel truck, China III) and No.5 (diesel middle bus, China III). That of No.8 (diesel bus, China IV) was 24.48-37.34% less than that of No.7 (diesel bus, China III). Furthermore, the PN average emission rates in the high-emission points of No.6 (diesel middle bus, China IV) was 99.93% less than that of No.5 (diesel middle bus, China III), due to the removal of particulate matter by DPF [59] . That of No.8 (diesel bus, China IV) was 415.21% more than that of No.7 (diesel bus, China III), due to the direct interaction of NH 3 with the catalyst material and the exhaust gas in SCR [39] . However, the NOx average emission rates in the high-emission points of No.8 (diesel bus, China IV) was 13.13% less than that of No.7 (diesel bus, China III), due to the removal of NOx by SCR [60] . That of No.4 (diesel truck, China IV) was 13.99% more than that of No.3 (diesel truck, China III), and that of No.6 (diesel middle bus, China IV) was 3.14% more than that of No.5 (diesel middle bus, China III). Figure 8 illustrate the difference in PN average emission characteristics among test vehicles. Based on the geometric mean aerodynamic diameter of each stage, the PN emission rates were classified into 14 diameter segments. Moreover, the particles were divided as follows: nucleation-mode particles (Nucleation), Aitken-mode particles (Aitken), accumulation-mode particles (Accumulation), and coarse mode particles (Coarse). Figure 6 shows the average PN size and particle mode distribution of each test vehicle. Generally, No. 5 (diesel middle bus, China III) demonstrated the highest emission rates of nucleation (2.36 × 10 13 p/s). No. 7 (diesel bus, China III) showed the highest emission rates of accumulation (3.06 × 10 11 p/s) and coarse (2.24 × 10 8 p/s). No. 8 (diesel bus, China IV) demonstrated the highest emission rates of Aitken (1.32 × 10 12 p/s). Among them, the nucleation (1.85 × 10 9 p/s), Aitken (2.15 × 10 9 p/s), accumulation (4.86 × 10 8 p/s), and coarse (1.17 × 10 5 p/s) of No. 9 (LNG bus, China IV) were the lowest. For the same vehicle type of diesel buses, the China IV vehicle demonstrated higher PN emission rates in stage 1-2 particles (aerodynamic diameter < 30 nm). It was the reason that the nucleation and Aitken of the China IV vehicle were more abundant as compared to those of the China III vehicle. For diesel middle bus, the China IV vehicle showed higher PN emission rates in stage 2-3 particles (6 nm < aerodynamic diameter < 54 nm) and stage 8-14 particles (aerodynamic diameter > 250 nm). Therefore, the Aitken and Coarse of the China IV vehicle were higher as compared to those of the China III vehicle.
The Number Distribution of Particulate Matter
The Average PN Size and Particle Mode Distribution
In summary, most of the particles emitted from the diesel and LNG test vehicles focused on nucleation-mode particles and Aitken-mode particles. Figure 8 shows the mode particle of each test vehicle with different control technologies of engine and exhaust emissions after the treatment. The highest PN emission rate and nucleation proportion were displayed by No. 5 (diesel middle bus, China III), without CIC (turbocharged intercooler), DPF (diesel particulate), or SCR. The PN emission rate and nucleation of No. 7 (diesel bus, China III) with CIC was 87.68% and 93.38% less than those of No. 5 (diesel middle bus, China III), respectively. It was because the higher combustion temperature and the air-fuel ratio of the engine with CIC [61] led to the complete burning of semivolatile organic compounds (SVOC), which inhibited the formation of nucleation. On the contrary, the PN emission rate and the nucleation of No. 6 (diesel middle bus, China IV) with EGR + DPF were 99.06% and 99.52% less than those of No. 5 (diesel middle bus, China III), respectively, which were found to be consistent with the reported studies [62] [63] [64] . Simultaneously, the EGR significantly decreased the average temperature of in-cylinder and inhibited the oxidation of S (elemental sulfur) into SO 2 (sulfur dioxide), thus reducing the formation of nucleation-mode particles [65] . Similarly, the PN emission rate and the nucleation of No. 4 (diesel truck, China IV) with CIC and EGR + DPF was 97.91% and 99.66% less than those of No. 5 (diesel middle bus, China III), respectively. Moreover, No. 9 (LNG bus, China IV) with CIC displayed similar nucleation, Aitken, accumulation, and coarse proportions to those of No. 7 (diesel bus, China III) and No. 6 (diesel middle bus, China IV). However, as compared to No. 7 (diesel bus, China III), the PN emission rate and the nucleation of No. 8 (diesel bus, China IV) with CIC and SCR increased by 266.13% and 496.20%, respectively. No. 8 (diesel bus, China IV) displayed higher PN emission rates in stage 1-2 particles (aerodynamic diameter < 30 nm), which were observed to be consistent with the previous studies. In many studies, in SCR operations, an increase in PM [66, 67] , the total number of particles [68, 69] , and the number solid particles of > 23 nm [66] up to three times [39] has been reported. The reason for this was that SCR devices could form new nonvolatile particles in the exhaust pipe of diesel vehicles because of the direct interaction of NH 3 with the catalyst material and the exhaust gas. On the other hand, No. 6 (diesel middle bus, China IV) showed higher Aitken and accumulation proportions as compared to other test vehicles without EGR. It was because the use of EGR inhibits the oxidation of large particles, thus resulting in an increased number concentration of Aitken and accumulation [65] , which are caused primarily by the collision, agglomeration, and adsorption of nitrates, sulfate, organics, or soot particles [70] . In other words, part of nucleation might be prompted by EGR to convert into Aitken or accumulation. No. 7 (diesel bus, China III) and No. 9 (LNG bus, China IV) showed a higher Aitken proportion than other test vehicles without CIC. Because the use of CIC increases the combustion temperature of the engine which is considered to be beneficial for the formation of Aitken originating from the cracking of diesel at higher temperatures [71] . No. 4 (diesel truck, China IV) with both CIC and EGR and DPF showed higher Aitken and accumulation as compared to No. 6 (diesel middle bus, China IV) and No. 7 (diesel bus, China III). Atmosphere 2020, 11, In summary, most of the particles emitted from the diesel and LNG test vehicles focused on nucleation-mode particles and Aitken-mode particles. Figure 8 shows the mode particle of each test vehicle with different control technologies of engine and exhaust emissions after the treatment. The highest PN emission rate and nucleation proportion were displayed by No. 5 (diesel middle bus, China III), without CIC (turbocharged intercooler), DPF (diesel particulate), or SCR. The PN emission 
The Relationship between Speed, VSP, and the PN Size Distribution
To describe the transient characteristics of PN size distribution, we compared the PN size distribution in 9 speed-VSP Bins. The 9 speed-VSP Bins displayed several typical driving conditions. Atmosphere 2020, 11, 64
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They were as follow: Bin1: Speed ≤ 40 km/h, VSP ≤ −5 kW/t; Bin2: Speed ≤ 40 km/h, −5 kW/t < VSP < 5 kW/t; Bin3: Speed ≤ 40 km/h, VSP ≥ 5 kW/t; Bin4: 40 km/h < Speed ≤ 80 km/h, VSP ≤ −5 kW/t; Bin5: 40 km/h < Speed ≤ 80 km/h, −5 kW/t < VSP < 5 kW/t; Bin6: 40 km/h < Speed ≤ 80 km/h, VSP ≥ 5 kW/t; Bin7: Speed > 80 km/h, VSP ≤ −5 kW/t; Bin8: Speed > 80 km/h, −5 kW/t < VSP < 5 kW/t; Bin9: Speed > 80 km/h, VSP ≥ 5 kW/t. Figure 9 shows the PN size distribution in different speed-VSP bins. In summary, the particles emitted from the diesel and LNG test vehicles were mainly distributed in nucleation and Aitken. The PN emission rates of the diesel and LNG test vehicles increased with speed and VSP. The PN size distribution of No.4 (diesel truck, China IV), No. 5 (diesel middle bus, China III) and No.9 (LNG bus, China IV) changed little with the change of speed-VSP bins. The nucleation and Aitken of No.6 (diesel middle bus, China IV) increased more than 10 times with the Bin7-Bin9 (speed > 80 km/h); bin1-bin6 (speed ≤ 80 km/h), and their accumulation-mode particles (stage 8-10, 0.48-1.23 µm) increased significantly in Bin7 (Speed > 80 km/h, VSP ≥ 5 kW/t). By contrast, the Aitken and accumulation of No.7 (diesel bus, China III) increased significantly with the Bin7-Bin9 (speed > 80 km/h). Figure 9 shows that the PN emission rates of the diesel and LNG test vehicles increased with speed and VSP, but their PN size distribution are less affected by the speed-VSP bins, in general. The nucleation and Aitken of No.6 (diesel middle bus, China IV) increased significantly in Bin7-Bin9 (speed > 80 km/h). Figures 3-5 shows the high-emission regions of HC, NOx, and PN are similar in the high-speed region (speed > 80 km/h). Therefore, the increasing nucleation and Aitken were likely to be derived mainly from the formed through the nucleation of organic, nitrate or sulfur compounds during the dilution and cooling processes [72] [73] [74] [75] . In addition, their accumulation (stage 8-10, 0.48-1.23 µm) increased significantly in Bin7 (Speed > 80 km/h, VSP ≥ 5 kW/t), because of the cooling of the engine led to more incomplete combustion PN [50, 57, 58] , during sudden deceleration [53] . The Aitken and accumulation of No.7 (diesel bus, China III) increased significantly when its speed was above 80 km/h). The reason for this result requires further study.
The Relationship between Speed, PN Emission Rates, and Each Particle Mode
The average nucleation, Aitken, accumulation, and coarse proportions of test vehicles are shown in Figure 10 . The figure illustrates that most of the particles emitted from the diesel and LNG test vehicles are observed to be concentrated on nucleation-mode particles and Aitken-mode particles, which is found to be similar to the result of Ge Yunshan et al. [30] . In most of the test vehicles, generally, the change of PN emission rates was divided into three stages, with an increase in the speed, except No. 8 (diesel bus, China IV) that had two stages. In the first stage, the PN emission rates increased rapidly in the low-speed range (0 km/h < speed < 10-50 km/h). For No. 8 (diesel bus, China IV), the first stage was found to be in the speed range of <70 km/h. In this stage, the PN emission rates could increase by 35.28-109.09% per speed interval with an increase in the speed. During this stage, the nucleation proportions increased rapidly, except for No. 4 (diesel truck, China IV) whose proportions of Aitken increased rapidly. Therefore, the elevated rate of PN emission rates decreased in the medium speed range (10-50 km/h < speed < 65-85 km/h). For No. 8 (diesel bus, China IV), the second stage was found in the speed range of 70 km/h < speed < 90 km/h. In the second stage, the PN emission rates might increase by 1.13-19.73% per speed interval and they even might decrease with an increase in the speed in some speed range. The nucleation proportions decreased whereas the Aitken and accumulation rates increased in the second stage. The PN emission rates began to increase rapidly again in the high-speed range (65-85 km/h < speed < 85-90 km/h) in the third stage. The PN emission rate increased by 11.24-213.92% per speed interval in this stage. For most of the test vehicles, nucleation proportions quickly increased again, as in the first stage, except for No. 4 (diesel truck, China IV) and No. 7 (diesel bus, China III). The accumulation of No. 4 (diesel truck, China IV), as well as the Aitken and accumulation of No. 7 (diesel bus, China III), increased in the third stage. Finally, the nucleation-mode particles of each test vehicle previously had a negative correlation with the Aitken and accumulation.
To sum up, the proportions of nucleation, Aitken, and accumulation varied significantly with different speed intervals. For most of the test vehicles, the rapid increase in PN emission rates is primarily caused by nucleation in the low-speed stage and high-speed stage (speed < 10-50 km/h or speed > 65-85 km/h). The heat release rate is observed to be very fast at low engine load, which indicates that the temperature combustion is low [65] . In contrast, more fuel is injected into the combustion chamber with an increase in the engine load, which increases the degree of incomplete combustion [76] . These factors inhibited the oxidation of particles at low-and high-speed stages, which directly affect the increase in the nucleation rate. In the medium speed stage (10-50 km/h < speed < 65-85 km/h), the increase of the PN emission rate was lower as compared to that in the low-and high-speed stages and the proportions of Aitken and accumulation increased. In the medium-speed stage under better combustion conditions, it was quite evident that the small increase in PN emission rates was due to the reduction of nucleation. For No. 7 (HDDB, China III), the increased Aitken and accumulation increased the PN emission rates in the high-speed stage. This phenomenon showed that the CIC prompted more Aitken to be produced with an increase in speed. For No. 4 (HDDT, China IV), the increased Aitken led to an increase in the PN emission rate in the low-speed stage, and the rapid increase in accumulation caused the PN emission rates to increase in the high-speed stage. This phenomenon indicated that EGR might change nucleation to Aitken in the low-speed stage, and in the meantime, the CIC produced Aitken. As the speed increased, the EGR caused more nucleation into accumulation instead of Aitken. The EGR inhibits the cracking of diesel by reducing the combustion temperature, and consequently, it reduces the emission of Aitken in the high-speed stage. For No. 8 (HDDB, China IV), more urea is expected to be injected, which results in higher nucleation emissions [39] . However, the growth rate of Aitken starts to exceed that of nucleation when the speed is more than 70 km/h. To sum up, the proportions of nucleation, Aitken, and accumulation varied significantly with different speed intervals. For most of the test vehicles, the rapid increase in PN emission rates is primarily caused by nucleation in the low-speed stage and high-speed stage (speed < 10-50 km/h or speed > 65-85 km/h). The heat release rate is observed to be very fast at low engine load, which indicates that the temperature combustion is low [65] . In contrast, more fuel is injected into the combustion chamber with an increase in the engine load, which increases the degree of incomplete combustion [76] . These factors inhibited the oxidation of particles at low-and high-speed stages, 
Conclusions
This study was conducted to investigate the transient characterization of automotive exhaust emissions of different vehicle types on the real-world emission of Tianjin. To estimate the emissions of nine test vehicles, including heavy-duty diesel trucks, heavy-duty diesel buses, medium-duty diesel buses, light-duty gasoline cars, and a heavy-duty LNG bus, a PEMS was applied. The conclusions of this study are primarily summarized as follows:
•
The emission factors were influenced significantly by the mileage traveled, emission standard, and fuel factor of the test vehicles. The primary pollutant of the gasoline vehicles was CO, those of diesel vehicles were NOx and particulate matter, and those of the LNG bus were NOx and HC. The emission factors of gasoline vehicles whose mileage traveled were 140,000 km were 14.3-300% higher than those of gasoline vehicles whose mileage traveled was 50,000 km. The emission factors of China IV diesel vehicles were approximately 9.1-86.3% of those of China III diesel vehicles.
Under transient conditions on the road, the test vehicles probably peaked their CO, HC, NOx, and PN emission rates in some speed-VSP intervals. Here, the emission peak could be far more than those in the surrounding speed-VSP intervals. Selected the 100 high-emission points whose emission rates were the highest from the high-emission regions. The high-emission points of test vehicles were mainly distributed mainly in two regions: the high-speed region (speed > 70-90 km/h, VSP > 0 kW/t), the medium speed-acceleration region (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) The PN average emission rates of diesel bus (China IV) in the high-emission points were 13.21 times of those of average emission rates, more than those of diesel bus (China III) (9.98 times). • Fuel, mileage traveled vehicle type, and emission standard significantly influenced the relationship between the average emission rates and the average emission rates of high-emission points. For example, the gasoline vehicles (China IV, mileage traveled: 140,000 km) had higher emission rates in high-emission points and the increase of average emission rates in the high-emission points was more than 4 times of that of average emission rates. • According to the particle size distribution, it can be observed that most of the particles emitted from the diesel and LNG test vehicles were nucleation-mode particles and Aitken-mode particles. The PN emission rates showed higher growth at low speeds. Finally, their growth decreased at medium speeds and then again increased at high speeds. During this period, the increased PN of most diesel and LNG vehicles was primarily caused by nucleation. When the speed was above 80 km/h, the nucleation-mode particles and Aitken-mode particles of diesel middle bus (China IV) increased more than 10 times, and the Aitken-mode and accumulation-mode particles of diesel bus (China III) increased significantly, too.
The EGR + DPF could effectively inhibit the Aitken output caused by CIC. The SCR might produce more nucleation-mode particles.
Under some urban driving conditions, the above results may explain an underestimation of vehicle emissions. The characterization of automotive exhaust emission from different vehicle types could not be extensively analyzed due to the limitations of the number and types of test vehicles that could be tested in our study. Finally, we suggest further study with more samples to obtain greater insight. 
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